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Abstract Since the introduction of breast thermography into medicine, researchers
have been interested in enhancing the thermal contrast in thermograms taken at
steady state. It was found that cooling the surface of the skin during long accli-
mation periods produced better thermal contrast, although it was agreed that
acclimation periods of up to 15 min may suffice to reflect functionalities of inner
skin tissues. However, the use of artificial sources for cooling the skin has revealed
new functional information that complements steady state thermography findings.
The method has been referred to as ‘Dynamic thermography’ and is based on
monitoring skin’s thermal state after cold stress. Although dynamic thermography
showed some promises in breast cancer diagnosis during the 70s, it has not received
much interest till the advent of computer image processing techniques. Analytical
tools such as sequential thermography, subtraction thermography, l-thermography
and thermal parametric images have been used in order to increase the accuracy of
breast thermography. Other processing techniques used thermal transients of con-
trol points on the breasts to examine the change in blood perfusion induced by the
presence of a breast disease. Autonomic cold challenge has also been used to
identify a tumour’s blood vessels. Recent numerical methods have investigated the
effectiveness of dynamic breast thermography and revealed new parameters that are
strongly correlated with tumour’s depth. Here we review the state of the art in
dynamic thermography as it is applied to breast diagnosis and identify some of the
potential information that could be provided about breast diseases.
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1 The Concept of Dynamic Thermography

Breast thermography was introduced into medicine by Lawson [1] who observed
that some breast cancers cause a rise in the temperature of the overlying tissue and
argued that breast cancers could be detected at an early stage if thermal scan of the
chest could be performed. Since then medical research has focused on the devel-
opment of medical infrared scanning systems that could produce a quantitative
temperature map of the breast [2, 3]. This interest in infrared scanning systems has
been driven by the potential value of thermograms and was encouraged by the
development of sensitive infrared detectors and sophisticated scanning systems for
military requirements. Discussion about spurious thermography findings and pos-
sible errors that could affect thermal images have pointed out the importance of
insuring that the temperatures measured at the surface of the skin are relevant to the
physiological or pathological conditions of the body and not caused by artefacts
[2–5]. It has been thus agreed that thermography should be performed using pro-
tocols during which thermal images of the unclothed part of the body be taken after
10–15 min acclimation period in a room of temperature between 18 and 24 °C, free
of drafts, heat sinks or sources and that the patient be seated in an appropriate
position. Under the foregoing conditions, better thermal contrasts have been
observed. Further, faster scanning techniques and better thermal resolution are
required for accurate thermal mapping.

At this stage, it was known that, in a healthy body any two symmetrically
located areas of skin are at the same temperature under controlled environmental
conditions [6–9]. Therefore, it was important to be able to correlate thermal contrast
observed on thermograms with pathological conditions of the body in order to
appraise the clinical value of thermography and to avoid subjective interpretation of
thermograms. Barnes [5] has observed that the contrasts shown on thermograms are
essentially caused by the generators of heat within the body and that thermograms
can give information about pathological conditions from which the patient may be
suffering. Subsequently, Williams [8, 9] proposed several causes for thermal con-
trast and stated that a range of breast diseases such as abscesses and some tumours
induce a hot spot on the surface of a thermogram.

In the light of this, it was desirable to enhance the thermal contrast observed on
thermograms given that the temperature of the skin is affected by environmental
parameters and inner tissues characteristics. Barnes [10] demonstrated that the
acclimation period is nothing but natural cooling of the skin and observed that
better thermal contrasts are associated with longer acclimation periods which allow
an equilibrium condition to be reached. Using the Barnes Mod I infrared scanner, a
modified infrared instrument originally designed for military applications [11],
Barnes [10] obtained a series of thermograms during natural cooling of the
unclothed upper body of a patient in a room temperature of 29 °C and observed that
the contrast was progressively increased after 15, 42, 65 and 94 min acclimation
period while thermal details were still faithfully reproduced. In another experiment,
Barnes [10] artificially cooled an arm by placing a damp towel on it for a few
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seconds and then drying it quickly. A series of thermograms were taken during
27 min thermal recovery period at 3 min interval. An enhancement of contrast was
observed during the first 9 min after which contrast decreased as the arm returned to
thermal equilibrium.

Although heating the skin would obviously decrease the thermal contrast,
Barnes [10] examined the effect of heating the arm progressively from ambient up
to a temperature of 43 °C. Thermograms taken at temperatures of approximately
34, 37, 40, 41, 42 and 43 °C showed that at approximately body temperature,
thermal contrast disappear. At elevated temperatures, a different thermal pattern
emerged including cool areas directly over the veins. Consequently, Barnes [10]
concluded that heating the skin could provide information about thermal conduc-
tivities of various tissues beneath it and suggested the use of superficial heating to
study dermatological problems.

Concurrently, Williams [9] also reported that thermal contrast is accentuated by
longer acclimation periods and by overcooling using artificial means. A steady state
thermogram of a patient with advanced carcinoma of the right breast showed a
temperature difference of 3.5 °C. When the chest wall was cooled using a towel
soaked in iced water, the thermal contrast was observed to increase. The
enhancement observed in the thermal contrast over a cancerous breast has marked
the beginning of the use of superficial cooling as part of breast thermography
protocols.

The advent of thermography as an adjunct technique for breast screening has
spurred many medical researchers to establish its value in breast diseases with
regard to known modalities of mammography and physical examination. Amalric
et al. [12] compared thermography with physical examination, mammography and
cytology. During thermography examination, the patient’s chest was sprayed with a
cooling liquid which was evaporated using a fan for 10 min. Thermograms were
taken just after cooling. Thermographic findings were then compared with histo-
logical findings for evaluating thermographic usefulness. Out of 1879 confirmed
cancers, 9% could not been identified either by physical examination or by mam-
mography, but have been detected by the combination of cold stress and
thermography.

2 Breast Dynamic Thermography Using Autonomic Cold
Challenge

The early 80s witnessed the use of a protocol involving autonomic challenge before
thermography. The method involved cooling of the extremities (hands or feet) by
ice water immersion as part of breast thermography protocol. The cold challenge
has been known as a test of sympathetic function and was used as a definitive
diagnostic method for Complex Regional Pain Syndrome also known as Reflex
Sympathetic Dystrophy (CRPS/RSD). The introduction of an autonomic challenge
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was predicated on the fact that at some stage of its growth, cancerous tumours
release angiogenic growth factor proteins that stimulate blood vessels to grow into
the tumour, so that it can be supplied with nutrients and oxygen. However, an-
giogenesis growth does not continue throughout all stages of cancer. The autonomic
cold test was intended to identify the development of a tumour’s blood new vessels
known as neoangiogenesis, and these could then be correlated with the develop-
ment and existence of breast cancer. Since neoangiogenesis are devoid of a mus-
cular layer and normal neural regulation, they would fail to constrict in response to
a sympathetic stimulus. Therefore, a high blood perfusion rate is maintained in the
tumour region as well as a high level of metabolic heat generation, while vaso-
constriction occurs near the skin surface.

The concept was initiated in France where Gautherie et al. [13] used hand
immersion in an attempt to make breast thermography more sensitive. The study
used large sample data including over 10,000 patients. Thermograms could be
taken prior to and after 45 s of cooling. It was reported that false positive rate
decreased to 3.5%.

However, there have been theoretical claims that some anatomical factors can
compromise the ability of the sympathetic nervous system to provoke vasocon-
striction. Cockburn [14] argued that dilated vessels or capillary networks that
resulted from surgery, incisional biopsy and lumpectomy, as well as local trauma
and thoracic spine instabilities, would fail to respond to the autonomic cold chal-
lenge thus compromising the detection of tumour’s neoangiogenesis. He also
suggested that patient’s own anxiety about the procedure may cause a sympathetic
fight or flight response before the autonomic cold challenge and may lead to
negative findings after applying cold stress. Therefore, researchers in the realm of
breast thermography discontinued the use of the autonomic cold challenge in the
early 90s after observing poor correlation between the results using cold stress and
medical case histories [14–16].

Using advanced medical imaging systems, Amalu [17] has conducted a clinical
study in order to reappraise the role of autonomic cold challenge as it might be
applied to breast thermography. Breast thermograms of 23 patients with histolog-
ically confirmed breast cancers demonstrated positive and negative responses to
cold stress. Amalu [17] found that excluding the autonomic cold test from breast
thermography protocol does not affect the sensitivity or the specificity of ther-
mography in the detection of breast cancers and concluded that more studies are
needed to assess the validity of the autonomic cold test.

3 Characterisation of Thermal Recovery After Cold Stress

Barnes’ observations during thermal recovery from superficial cooling and heating
stimulated the interest of Japanese medical researchers to obtain information about
the reaction of blood perfusion, metabolic heat generation and thermal conduction
of the human skin to superficial stimulus. Nagasawa and Okada [18] referred to this
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type of thermography as “dynamic thermography” because it is based on recording
thermal transient during the dynamic thermal recovery of the skin.

Nagasawa and Okada [18] devised a spot cooling source consisting of a piece of
ice in a film container of 30 mm diameter. A constant pressure of about 200 g
insured that the cooling source was kept in contact with the skin. The part of the
skin in contact with the device beyond the cooling area was insulated. Instead of
taking several thermograms of the cooled area at different time intervals during
thermal recovery, Nagasawa and Okada [18] recorded the thermal transient at the
centre of the cooled area in a room that fulfilled thermography conditions. After
cooling a pair of healthy human cheeks for 15 s, the thermal recovery curve of the
right cheek was almost identical to the left cheek. After removal of the coolant, the
temperature T of the centre of the spot recovered rapidly for the first minute and
then its rise became more gradual ultimately reaching thermal equilibrium tem-
perature, T1, which was almost the same as before cooling. The time needed to
reach the final temperature was referred to as Recovery Time, ReT.

In order to calculate ReT, the thermal recovery curve was processed to a straight
line using a logarithmic transformation of the difference between T and T1. The
calculated and the measured values of ReT were found to be almost identical. The
recovery time, ReT, was measured in cases of various diseases. In a case of
hemangioma, ReT value of 3 min suggests active blood perfusion whilst for lipoma,
the ReT was longer suggesting a low heat activity. Recovery time measurements
were also used to track the acceptance of transplanted tissue in a deficient region on
the cheek. It was found that after the first 20 days the recovery time was relatively
slow but became faster after 80 days, which indicated its acceptance. Consequently,
it was concluded that ReT depends on the kind of disease and its seriousness.
Nagasawa and Okada [18] further investigated the value of dynamic thermography
in observing the process of diseases and the effects of medication. Figure 1 shows a
comparison of the linearized thermal recovery curves of a postoperative inflam-
mation area, after removing an impacted mandibular third molar, and its

Fig. 1 Linear representation of thermal recovery curves of normal and inflamed cheeks after
cooling [18]. The ratio RtR ¼ t2=t1 ¼ tan a2= tan a1 ¼ ReT2=ReT1
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symmetrical part. It was observed that the ratio of their corresponding slopes was
equal to the ratio of their recovery times. This ratio was referred to as Recovery
time Rate, RtR, and was used to observe the gradual recovery of the inflammation.

After examining various clinical experiments of dynamic thermography using
cooling as well as heating stimuli, Nagasawa and Okada [18] concluded that a
thermal recovery process could provide quantitative information about blood per-
fusion and heat activity of a tumour and that dynamic thermography could be
applicable to differential diagnosis. It was also suggested that chemicals may be
used as a stimulus for dynamic thermography in order to observe the reaction of
specific diseases.

Concurrently with the clinical work of Nagasawa and Okada [18], Cary and
Mikic [19] described a localised cooling method that could be used in differential
diagnosis of human tumours. Although it was already known that thermal contrast
is enhanced by cooling, the observed effects of cooling were not well understood at
the time of the study. The method was established using the fact that the growth of
tumours is usually associated with increases in the local blood perfusion and the
local metabolic rate. These changes can produce an effect on skin temperature maps
in the region above a tumour. Therefore, differential diagnosis of tumours could be
made from comparison of temperature fields near tumours and in the corresponding
region of the contralateral breast, on the basis that this is healthy tissue. Further, it
was assumed that blood perfusion rates in healthy or normal tissue could differ
significantly from blood perfusion rates through tumours during moderate cooling.
Blood rate differences between cancerous and healthy tissue are thereby reflected in
the observed thermal contrast.

The theoretical concept was later used to devise a simple, inexpensive local
cooling system that could help in differential diagnosis of breast tumours [20]. The
system comprises two cylindrical cooling units weighting approximately 500 g
each. The units are filled with crushed ice at least 30 min prior to testing so that the
cooling disk reaches 10 °C or less. The patient should be lying on her back with
pen marks on the point where the tumour is closest to the surface. During a 10 min
test, the units are held by the patient on the region of interest and on its symmetrical
healthy part. Each unit insures a small surface cooling area of approximately
25 mm around which the skin in contact with the cooling device is insulated. Using
such a system, relatively large temperature differences between the skin over
cancerous tissue and that above healthy tissue could be obtained, without the heat
loss from the patient being sufficient to affect patient comfort adversely and so limit
the enhancement of the thermal contrast. The cooling units insure controlled
cooling as well as recording the temperature of the cooling surface at one minute
intervals. It was observed that thermal equilibrium was reached after 10 min and the
thermal contrast DT after 10 min was calculated.

During cooling, the rate of variation of skin temperature Ts with time is influ-
enced by blood perfusion of the tissue. When the temperature of a tissue does not
vary significantly in space during cooling because of the inner fixed body tem-
perature, the rate of variation of Ts could be expressed as:
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dTs
dt

/ xb Ta � Tsð Þ ð3:1Þ

where xb is the blood perfusion rate and Ta is the temperature of the arterial blood
perfusing the tissue. However, the rate of variation of Ts is nonlinearly related to
blood perfusion due to the complex breast tissue structure that causes both spatially-
and time-varying temperature field. Since the ratio ðdTs=dtÞ=ðTa � TsÞ is a mono-
tonically increasing function of perfusion rate, a parameter M was defined as:

M ¼ dTs2=dt Ta � Ts1ð Þ
dTs1=dt Ta � Ts2ð Þ ð3:2Þ

To quantify the response of the local cooling device to known breast diseases,
M and DT values were used to define diagnosis criteria. If DT � 0.9 °C or
M � 1.35 then the test was assumed positive for cancer. On the other hand, if
DT < 0.9 °C and M > 1.35 then the tumour was classified as non-malignant. The
local cooling method was tested on 130 women for whom xerographical, ther-
mographical, clinical and pathological information was available. Fifty-two of the
women were normal. There were 31 carcinomas, 14 solitary cysts, 4 benign
tumours and 22 diffuse dysplexia. Other patients include 5 women with asym-
metrical axillary tail and 2 with abscesses or inflammation. Masses were of average
diameter of 17 mm and were 15 mm deep.

The foregoing criteria correctly diagnosed: 23 of 31 malignancies, which cor-
responds to 74%; 16 of 18 benign growths, which is 88%, and 46 of 52 normal
cases which is also 88%. However, 10 of 22 women (45%) who had asymmetrical
diffuse non-malignant disease would have been falsely diagnosed as having cancer.
Some false negative results were caused by clinically occult carcinomas with
insignificant thermal contrast and by large necrotic, inactive neoplasm. On the other
hand, false negative findings were induced by large thermal contrasts observed in
benign breast diseases such as sclerosing adenosis, cystic disease, fibroadenoma
and abscesses. Cary et al. [20] have outlined some technical issues in the cooling
unit and procedure that could have influenced the results including unequal initial
disc temperature, improper location of the unit during testing and movement of the
units during testing due to patient’s breathing.

4 A Mathematical Model for Thermal Recovery
After Cooling

Since the early 60s, the medical community has been aware that steady state
thermography could produce false positive as well as false negative findings. It was,
therefore, important to investigate theoretically whether dynamic thermography
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could provide substantial information which could be useful for the clinical
diagnosis.

Motivated by the findings of Nagasawa and Okada [18] during thermal recovery
after cold stress, Steketee [21] subjected the skin of the forehead of 20 healthy
subjects to a cold temperature Tcold and subsequently recorded the thermal recovery
over a period of 15 min. The recovery curve shown in Fig. 2a was approximated by
a mono-exponential function:

T � Tcold ¼ ðT1 � TcoldÞð1� e�ltÞ; ð4:1Þ

where T1 is the steady state temperature. The value of the decay constant, l, was
determined from a semi-logarithmic plot of T1 � T as a function of time as shown
in Fig. 2b. However, it has been noticed that the steady state temperature T1 was

Fig. 2 Typical curves
obtained by Steketee and Van
Der Hoek [22] after cooling
the forehead. a Thermal
recovery and
b semi-logarithmic
linearization of T1 � T
versus time

86 A. Amri et al.



lower than the temperature before cooling inconsistent with the observation of
Nagasawa and Okada [18] that T1 was approximately the same before cooling.
Furthermore, data obtained using thermal recovery measurements taken over a
shorter period, couldn’t be fitted by a mono-exponential curve as shown in Fig. 2b.
The variance of the measured decay constants was also very high. Therefore,
Steketee and Van Der Hoek [22] used a theoretical model based on the bioheat
equation attributed to Pennes [23] in order to understand the character of the
thermal recovery and improve the method.

The following Pennes [23] bioheat equation was used to model heat transfer
during thermal recovery:

qc
@T
@t

¼ k
@2T
@x2

� xbqbcb T � Tað ÞþQm ð4:2Þ

In Eq. (4.2), q (kg m−3), k (W m−1 K−1) and c (J kg−1 K−1) denote the density,
thermal conductivity, and specific heat capacity of tissue; qb, cb are density and
specific heat capacity of blood; xb (s−1) is the blood perfusion rate; Qm is the
metabolic heat generation; Ta is the supplying arterial blood temperature which is
assumed constant, and T is the breast temperature.

A one-dimensional homogeneous skin model was used to study the thermal
transient after cooling the surface at a temperature Tcold. Assuming that the skin is at
body temperature, Tc, at a distance L from the surface and that the surface is
exposed to ambient temperature, Tf , the following boundary conditions were
prescribed

k@Tðx;tÞ@x

���
x¼0

¼ h0 Tð0; tÞ � Tf½ �
T x; tð Þ ¼ Tc for x� L

(
ð4:3Þ

In Eq. (4.3), h0 is the effective heat transfer coefficient that combines the heat
transfer attributable to convection and radiation as well as the cooling effect
associated with evaporation. Defining h ¼ T � Tcold, Eq. (4.2) becomes:

@h
@t

¼ a
@2h
@x2

� bhþ c ð4:4Þ

where a is the thermal diffusivity a ¼ k=qc, b ¼ xbqbcb=qc and
c ¼ ðQm=qcÞþ bhc. The boundary conditions then become:

@hðx;tÞ
@x

���
x¼0

¼ h0 hð0; tÞ � hf½ �
h L; tð Þ ¼ 37� Tcold for x� L

(
ð4:5Þ

where h0 ¼ h0=k (m−1). Steketee and Van Der Hoek [22] solved the problem using
the Laplace transformation method [24] and the complex inverse Bromiwich’s
integral formula [25] to obtain the thermal transient during recovery:

Potentialities of Dynamic Breast Thermography 87



hðx; tÞ ¼ h x; 0ð ÞþA
sinh gðL� xÞ

g cosh gLþ h0 sinh gL

� 2aA
X1
n¼1

exp �lntð Þp2n sin pn½1� ðx=LÞ�
lnL½p2n þ h0Lð1þ h0aÞ� sin pn ð4:6Þ

where

A ¼ g½hc þðc=bÞðcoshðLgÞ � 1Þ�
sinhðLgÞ þ h0hf and g ¼

ffiffiffiffiffiffiffiffi
b=a

p

ln ¼ bþ ap2n
L2

; tan pn ¼ � pn
h0L

and b 6¼ 0

The surface temperature hð0; tÞ and the steady state value hð0;1Þ were derived
from Eq. (4.6).

hð0; tÞ ¼ 2aA
X1
n¼1

½1� expð�lntÞ�p2n
lnL½p2n þ h0Lð1þ h0aÞ� ð4:7Þ

hð0;1Þ ¼ A
sinh gðLÞ

g cosh gLþ h0 sinh gL
ð4:8Þ

Equation (4.7) can be used to study the effect produced by a variety of
parameters on the steady state temperature and to estimate the time needed to reach
that temperature that Nagasawa and Okada [18] refer to as ReT. Equation (4.8)
shows that T1 depends on the temperature at depth L. The later varies among
subjects implying that T1 cannot be used as a reliable measurement for blood
perfusion. Furthermore, the theoretical solution (4.6) showed that the decay con-
stants, ln, depends strongly on the thermal diffusivity of the tissue. It was also
concluded that a two-exponential model should be used to fit the thermal recovery
curve in order to better discriminate normal and pathological blood circulation.

5 Computer Assisted Dynamic Breast Thermography

Computers were introduced for the qualitative analysis of breast thermograms in the
70s [26–29] with the aim of improving the accuracy of diagnosis. It was a rea-
sonable assumption that a computer-based system would be a fast way of diag-
nosing abnormality, and would be less expensive than visual interpretation in a
large breast screening program. Winter and Stein [28] assessed the ability of three
computer image processing techniques: spatial signature analysis, symmetry mea-
surement using thermal density distributions and image coding by contour map data
structure. Newman et al. [26] devised a simple automated technique for obtaining
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the breast outline and investigated criteria for abnormality. Ziskln et al. [29] clas-
sified 85 thermograms into normal and abnormal categories using a statistical
decision program based on a linear discriminant analysis technique. They reported
an overall accuracy of 85%.

Over the years, different methods of dynamic breast thermography have been
reported. After the application of an external cold stress, thermal recovery of the
breast could be examined by means of sequential thermograms taken at time
intervals, or/and subtracting sequential thermograms to produce a single contrasted
thermogram. Another approach was to compare the thermal transients of particular
areas of interest on the abnormality with its contralateral symmetrical part.

Using a standardised cooling procedure, Geser et al. [30] reduced the temper-
ature of the breast by approximately 3 °C using two fans. A computer-assisted
discriminant analysis was used to classify a sequence of 20 thermograms recorded
during thermal recovery of the breast after cooling. This quantitative dynamic
thermography was then able to correctly classify 80% of 162 patients with negative
clinical and mammography findings and 72.5% of 51 patients with proven breast
cancer. When combined with steady state thermography, the false positive rate was
reduced to 40%, though this value remains high.

Usuki et al. [31] combined observation of steady-state thermal maps with
dynamic thermography after cold stress in a clinical study that included 56 breast
carcinomas and 320 diagnosed benign diseases. Unspecified imaging procedures
were used. Thermographic measurements were taken in a room of temperature
24 ± 1 °C and 60 ± 10% humidity using a thermo-tracer 6T66 (NEC-Sanei Co.).
After an acclimation period of 15 min, steady state thermograms were taken. Soon
after, the breasts were cooled with 70% alcohol mist and thermograms were taken at
0, 1, 2 and 3 min after cooling. Thermograms were then processed using imaging
software that subtracted thermograms obtained immediately after cooling from the
thermograms obtained 3 min after cooling. Statistical analysis of steady state
thermography findings provides a sensitivity of 85.7%, a specificity of 65.6% and a
total accuracy of 68.6%. In contrast, subtraction thermography showed a sensitivity
of 89.3%, a specificity of 78.4% and a total accuracy of 80.1%. It was then con-
cluded that, although subtraction thermography after cold stress decreases the false
positive rate, it cannot be used as an ultimate breast imaging method. It was also
recommended that correlations between steady state and subtraction thermography
findings required more studies and that image analysis techniques needed further
development in order to be used in this context.

Uchida et al. [32] developed a physiological functional image processing system
for the quantitative analysis of sequential thermograms obtained during thermal
recovery of the breast after cooling. This system used models developed by
Steketee and Van Der Hoek [22] which describe the rewarming of the skin after
cold stress is removed. By assuming that this thermal recovery can be approximated
by a mono-exponential function, the temperature T of a pixel (i, j) at a time t was
given as:
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T i; j; tð Þ � T i; j; 0ð Þ ¼ T i; j;1ð Þ � T i; j; 0ð Þ½ � � 1� exp �ltð Þ½ �; ð5:1Þ

where the constant l depends on the blood perfusion underneath the skin surface as
well as the thermal conductivity of the tissue. The l-value thermal imaging system
provided a colour-coded 250 � 230 image of l values of each pixel calculated
from sequential thermograms. Despite the observation of Steketee and Van Der
Hoek [22] that it is necessary to discard the initial part of the transient if a
mono-exponential thermal recovery is to be useful, it was thought that l-thermo-
grams could reveal information about pathophysiological abnormality.

The effectiveness of the l-value thermal imaging system was initially assessed
for a patient with a proven cancer in the right breast and a false negative steady state
thermogram performed after 20 min acclimation in a room temperature of 21 °C.
After 2 min chilling by using cold air moved over the breast surface using an
electric fan, the temperatures of the right and left nipples were recorded every 15 s
during rewarming. Measurements were taken over a period of approximately 4 min.
Thermal recovery curves showed that the temperature of the left nipple was lower
than the temperature of the right one. Furthermore, the computer system processed
a sequence of 6 thermograms taken every 15 s by subtracting the temperature
values in each thermogram from corresponding values in the previous one in order
to produce a colour-coded l-value image.

Two years Later, Uchida et al. [33] used the l-value thermal image processing
system to analyse 18 patients with breast cancer which had been incorrectly
diagnosed by steady state thermography and dynamic thermography (sequential and
subtraction). Steady state thermograms were taken in a room temperature of 23 °C
after 10 min acclimation. Then thermograms were taken sequentially at intervals of
15 s, following exposure to cold air applied using an electric fan for a period of
2 min. The diagnosis criteria used for breast thermography at steady state and after
cooling depended on qualitative and quantitative findings of:

1. Asymmetric hot spot on the steady state thermogram
2. Asymmetric abnormal exaggeration of vascular pattern
3. Significant differences in the thermal map
4. Positive heat patterns in thermograms taken sequentially
5. A hot spot in the subtracted thermogram

The presence of sign 1 or sign 2 was considered positive in terms of diagnosis
using steady state thermography. However, several problems including patient
movement as well as breathing have limited the diagnostic value of l-thermography
which corrected 4 cases among 12 false negative thermograms and 4 cases among 6
false positive thermograms. The authors also pointed out thermal artefacts caused
by uneven air flow distribution over the curved surface of the breast and suggested
that better results could be produced using different cooling methods. The accuracy
of l-thermography was then reassessed after incorporating motion compensation
analytical tools by examining 26 patients with non-palpable breast cancer [34].
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A correct diagnosis was obtained in 55% cases using steady state thermography,
14% using dynamic thermography (sequential and subtraction) and 11% using
l-thermography.

Later, Ohashi and Uchida [35] reviewed the effectiveness of steady state and
subtraction thermography in the diagnosis of 728 patients with proven breast cancer
and 100 patients with benign breast diseases between 1989 and 1994. However, for
patients with breast cancer, the diagnostic accuracy improved from 54% when
steady state thermography was used to the much larger value of 82% in the case of
dynamic thermography after cold stress, without any associated increase in the rate
of false positives. For cases of benign breast diseases, the overall false positive rate
of steady state thermography was 41% versus 29% using subtraction thermography.
Although Ohashi and Uchida emphasised the merit of l-thermography as a future
diagnosis tool, the current authors are not aware of any further work that has been
published since 1997.

More recently, Arora et al. [36] conducted a 2-year study to evaluate an
advanced digital thermography system for cancer detection. The study involved 92
women whose average age was 51 years, the range being between 23 and 85, all of
whom had a suspicious breast lesion which had been identified using mammog-
raphy or ultrasound. Prior to thermography examination, the group of patients
underwent biopsy in a prospective double-blind trial. 60 out of 94 biopsies sug-
gested the presence of a malignancy and 34 suggested no malignancy. The majority
of malignancies were infiltrating ductal carcinoma and the invasive tumours ranged
in size from 0.5 to 14 cm. The clinical study used the Sentinel BreastScan, an
advanced digital thermography system manufactured by Infrared Science
Corporation comprising a digital camera with a sensitivity of 0.08 °C and a spatial
resolution of 320 � 240 pixels. Unlike other infrared system, the Sentinel
BreastScan is a fully automated diagnostic tool that employs artificial intelligence to
provide a fully interpreted real-time test report to the doctor. During the ther-
mography procedure, a series of more than 100 thermograms were collected while
cool air was directed at the breasts for approximately 4 min. Specific thermal
parameters for each breast were extracted and compared using asymmetry analysis
during post-processing of thermograms recorded during cooling. The software then
produced colour-coded images of the breast indicating suspicious areas as well as
all measured thermal breast parameters. Dynamic thermography identified 58 of 60
malignancies; the sensitivity was 97% and the specificity 44%.

6 Active Dynamic Breast Thermography

Active Dynamic Thermography (ADT) refers to dynamic thermography in
non-destructive evaluation of materials [37]. It is based on retrieving thermal
parameters of a tested object from its surface thermal response to an active external
excitation which involves heating or cooling. A series of thermal images are
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processed for the calculation of parametric images mainly thermal constant profiles
that are strongly correlated with the presence of defect in the tested object.

Advanced infrared imaging systems and image processing tools are being
developed to retrieve information from thermal recovery response after removing
the external excitation [38–40]. By assuming a Fourier heat conduction model in
tissue, two-exponential models have been used to fit temperature transients at the
surface of the tissue during thermal recovery after heating or cooling:

Tc x; y; tð Þ ¼ Te þDT1 exp �t=s1c x; yð Þð ÞþDT2 exp �t=s2c x; yð Þð Þ ð6:1Þ

Th x; y; tð Þ ¼ Te þDT1ðx; yÞ: 1� exp �t=s1hðx; yÞð Þ½ �
þDT2ðx; yÞ: 1� exp �t=s2hðx; yÞð Þ½ � ð6:2Þ

where T is the temperature transient during thermal recovery from heating or
cooling, Te is the temperature at steady state, s1 and s2 time constants, the sub-
scripts c and h indicates cooling and heating phase, respectively. Time constants s1
and s2 of the models can be identified using readily available nonlinear fitting
functions. In order to establish diagnosis criteria, averaged values for time constants
of the healthy tissue, �sref , are used as references in normalised time constants
defined by:

snorm ¼ s� �sref
sþ�sref

ð6:3Þ

Normalised values of time constant would eliminate any change in blood per-
fusion in a patient or between a group of patients [39].

Different types of excitations and cooling mode have been used. Forced con-
vection was applied using two different cooling units. The first is a cryotherapeutic
unit designed for clinical applications that uses expanded carbon dioxide mixed
with air and provides a cooling stream from 0 °C to ambient temperature. The
second industrial air conditioning unit blows air at temperatures in the range of 5 °C
to ambient temperature. Both units are supplied with disposable air filters to insure
aseptic conditions during cooling. Ice held in a thin plastic bag was used for
localised cooling of the tested tissue. Controlled cooling periods were between 30
and 60 s. Halogen lamps were used to heat the surface of tissues to a maximum
temperature of 48 °C.

Active Dynamic Thermography procedures have been applied for burns diag-
nosis [41], quality evaluation of cardio-surgery procedures [42] and post-surgery
wound healing [43]. Despite the promising results that have been obtained [38], the
use of ADT in breast diagnosis has received little attention [44, 45]. Active dynamic
thermography was performed on a small-scale study group of three women with
proven breast cancer (mammography and biopsy). In order to achieve heating, the
breast surface was exposed to light from halogen lamps of electrical power of
1000 W located 50 cm from the breast surface, for a period of 30 s. Parametric
images of time constants s1c and s2c were obtained but not presented for all the
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three women’s breasts. Further, interpretations of parametric images were not given
because of the complex structure of breast tissue, limited heating power and limited
depth of detectable cancers.

Generally, research studies have identified problems of implementing ADT in
medicine caused by the complex structure of tissues, variability of thermal prop-
erties between patients, movement of patient during imaging due to breathing and
technical limitations inherent to the type of external heating or cooling source.
Therefore, the main challenges of the research studies were as follows [46]:

1. Define optimal excitation sources which induce the best thermal contrast in each
specific medical diagnosis problem. Sources should be non-invasive, safe and
aseptic, easy to use and reliable.

2. Determine the required characteristics of the imaging system (thermal resolution
and spectral range) to be used with a particular excitation.

3. Identify sources of errors that may affect the final parametric images.

The performances of heating and cooling sources have been extensively
investigated for medical applications. Cooling was found to be safer than heating
[46]. The change of skin temperature up to 20 °C was found comfortable for a
patient. The signal to noise ratio was higher for cooling than for heating. It was also
suggested that heating should never exceed 42 °C and that the best condition for
cooling is at room temperature to avoid thermal gradient and heat exchange with the
environment. However, when electric fans were used for cooling, it was difficult to
control the energy level and the uniformity of cooling. The later also depends on the
shape of the tested tissue. Overall, cooling experiments showed that the excitation
should not last for more than one minute in order to minimise the effect of the
thermoregulatory mechanism. For the instrumentation requirement, a minimum
infrared camera resolution of 0.1 °C and a recording rate of at least 30 images per
second was recommended. Interference between the heating sources and the ther-
mal radiation from the tested tissue should be avoided. To improve the quality of
parametric images, thermal images should be pre-processed using algorithms for
motion compensation caused by unintentional patient displacement and for noise
filtering. In some applications of ADT, recording of thermal images have to be
synchronised with natural movement of the body caused mainly by breathing or by
heart beating in the case of cardiovascular surgery.

However, it has been reported that the main challenge to which are faced every
application of ADT in medicine, is the interpretation of the parametric images of
time constants. It has been observed that different stresses yield different parametric
images reflecting information about blood perfusion, thermal diffusivity and
metabolic heat generation. Nevertheless, promising clinical results were obtained
by a versatile instrumentation that could be used for the quantitative and qualitative
analysis of dynamic thermography in various medical applications [38].
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7 Numerical Modelling of Breast Dynamic Thermography

Numerical simulations are a powerful means of understanding and optimising
breast thermography. So far, several numerical techniques have been used to
examine conditions that affect breast surface temperature and steady state thermal
contrast in the presence of a tumour. The effect of factors such as blood perfusion,
tumour characteristics including depth and diameter as well as environmental
characteristics affecting thermography measurements, namely ambient temperature
and heat transfer coefficient, have all been investigated [47–53]. Nevertheless, none
of these numerical methods obtained the details of tumour characteristics from
steady state and transient thermograms.

In the late 70s, Chen et al. [54] studied the feasibility of determining interior
information from temperature transients, and investigated its limitations. It was
shown that it is almost impossible to determine the metabolic heat of an embedded
source from sequential thermograms. However, Chen et al. [54] proposed a theo-
retical method to determine blood perfusion of a volumetric heat source from
time-dependent thermographic observations. A two-dimensional numerical model
was used with no specific inversion technique. The procedure consists of varying
the air flow and the ambient temperature impulsively and recording the temperature
transients for a fixed duration. Computer-based harmonic analysis was then used to
determine the blood perfusion.

Although it is useful to detect the presence of a tumour by determining the
change in blood perfusion in the surrounding tissue after cooling, it is also inter-
esting to use thermal recovery to derive information about tumour’s parameters
such as depth, diameter and blood perfusion. Such characterisation represents
numerically an ill-posed inverse numerical problem that can be impractical to solve
due to the complexity of the boundary conditions. Therefore, the main objectives of
numerical modelling of breast dynamic thermography are to examine optimal
conditions for cooling that induce larger thermal contrasts during thermal recovery
of the breast and to identify thermal recovery parameters that could be correlated
with tumour’s characteristics.

To this end, it is necessary to describe a heat transfer model for the breast with
and without a tumour and to implement a numerical scheme for a breast’s model
geometry. This later should provide a steady state solution for breast thermography
and transient solutions during cooling and the subsequent thermal recovery.

7.1 A Heat Transfer Model for the Breast

Heat conduction, blood perfusion and metabolic heat generation all influence the
mechanism of heat and associated temperature fields in biological materials. There
is a general agreement that it is difficult to model the mechanism of blood perfusion,
due to the complex structure of the perfused tissue. There have been two types of
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approaches: a continuum approach and a vascular approach. In the continuum
approach [23, 55–57], a single parameter is used to represent the effect of all blood
vessels. On the other hand, in the vascular approach each blood vessel is considered
individually in terms of its thermal effect [58, 59]. The earliest continuum model,
Pennes [23] bioheat transfer equation, represents the effects of the blood flow using
a single heat source, which is nonlinear in the sense that it is itself temperature
dependent. Other models have been proposed to overcome the shortcomings of
Pennes model by considering the influence on heat transfer of blood flow within
elements of the vascular network. There are several critical reviews of heat transfer
models in biological materials, including [60–64]. However, Pennes equation has
been shown to have a high level of validity when vessels larger than 500 µm are
concerned [65].

Because the use of a vascular model requires detailed knowledge of the breasts
microvascular network which varies from one woman to another, continuum
models are more attractive, and Pennes bioheat equation (7.1) has been extensively
used to model heat transfer in the breast. We recall this as:

qc
@T
@t

¼ r:krT � xbqbcb T � Tað ÞþQm; ð7:1Þ

where the symbols have the meanings given previously. Heat transfer between the
surface of the breast and the surrounding ambient is by radiation and convection,
with additional cooling as the result of evaporation of sweat. These processes can
be expressed as [66]:

�k
@T
@n

����
skin

¼ hf Ts � Tfð Þþ re T4
s � T4

f

� �þQe; ð7:2Þ

where n is the normal vector at the surface; hf (W m−2 C−1) is the convection heat
transfer coefficient; Ts and Tf are temperature of the skin and the surrounding air,
respectively; e is the skin emissivity, and r the Stefan–Boltzman constant; Qe is the
evaporative heat loss.

Since changes in air temperature, circulation and humidity all cause changes in
the thermogram of a breast, a strict protocol is needed for recording thermograms.
Protocols developed so far include environmental specification, as well as
requirements relating to the patient’s condition. Imaging room temperature should
fall within the range 18–22 °C to promote cooling by vasoconstriction and the flow
of heat to the breast surface by air convection needs to be minimized [66]. To this
end, heat-generating equipment such as computers should be located outside the
examination room. Amalu et al. [67] pointed out that such temperatures do not
cause patients to either shiver or perspire. Patients are also ideally recommended to
avoid consuming alcohol, tea or coffee, eating heavy meals, smoking, sunbathing,
using cosmetic preparations or undertaking strenuous exercise before examination,
since these can have an effect on skin temperatures [68, 69].
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When appropriate protocols are followed, Draper and Boag [66] showed that
total heat loss may be considered to be proportional to Ts � Tfð Þ, assuming that
Ts � Tfð Þ is small. Thus the boundary condition at the breast surface is reduced to

�k
@T
@n

����
skin

¼ h0 Ts � Tfð Þ; ð7:3Þ

where h0 is a constant referred to as the surface conductance which combines the
effect of radiative and convective heat coefficients:

h0 ¼ hconv þ hrad ð7:4Þ

If the environment is suitably controlled, the heat loss associated with evapo-
ration may be rendered negligible. It is difficult to estimate accurately the con-
vection heat loss from the patient. However, Winslow et al. [70] studied the
influence of air movement on convective heat loss from the whole body. For wind
speeds between 2.6 and 0.46 m s−1 they derived the empirical formula:

hconv ¼ 12:1 m0:5
� �

Wm�2 �C�1; ð7:5Þ

where m is the wind speed. This approach yields values of hconv for the upper breast
surface of 4.6 W m−2 °C−1and for the lower surface of the breast of 5 W m−2 °C−1.
If Ts � Tfð Þ is small in comparison to the average temperature Tm, then we can
consider the heat loss due to radiation to be 4reT3

m where Tm ¼ Ts þ Tfð Þ=2, so that

hrad ¼ 4reT3
m ð7:6Þ

Mitchell et al. [71] found that, at thermal radiation wavelengths, the emissivities
of black and white skin were within 1% of unity throughout the whole range. Since
Tm is likely to vary between a minimum of 22 °C and a maximum of 27 °C,
Eq. (7.6) suggests that hrad varies between 5.95 and 6.15 W m−2 C−1.

Draper and Boag [66] recorded a total heat loss of h0 ¼ 10:4 W m−2 C−1 when
ambient air is stationary and values in the range of h0 ¼ 12 and 24 W m−2 C−1

when air at speeds in the range of 0.2–2 m s−1 flows over the surface of the breast.
Osman and Afify [72], on the other hand, evaluated the heat transfer coefficient
representing the combined effect of radiation, convection and evaporation, as
h0 ¼ 13:5 W m−2 C−1.

The presence of a tumour in the breast can be accounted for by implementing the
corresponding metabolic heat generation and blood perfusion or thermal conduc-
tivity. Gautherie et al. [73] showed that the time necessary for the tumour to double,
s, and the metabolic heat are related by a hyperbolic function:

Qm ¼ 3:27� 106

468:5 lnð100DÞþ 50
Wm�3; ð7:7Þ
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where D is the diameter of the tumour assumed of spherical shape. Gautherie [74]
estimated a global effective thermal conductivity for a cancerous breast tissue, the
value of which was enhanced to include the effect of blood perfusion. The estimated
value was 0.511 W m−1 °C−1. By assuming that the thermal conductivity of the
tumour tissue matches that of the glandular tissue at 0.48 W m−1 °C−1, Ng and
Sudharsan [51] used the enhancement in the thermal conductivity value of
0.03 W m−1 °C−1 to calculate tumour blood perfusion. Using mathematical and
physical models, Priebe [75] established an incremental relationship between blood
flow and thermal conductivity: a variation of blood flow of 150 ml min−1 per 100 g
of tissue results in a change of thermal conductivity of about 0.05 W m−1 oC−1.
Correspondingly, the enhancement in the tumour blood perfusion is 90 ml min−1

per 100 g.

7.2 A Numerical Procedure for Transient Thermography

To solve the previous heat transfer model, a breast’s model geometry needs to be
defined. From a knowledge of breast anatomy [76, 53] developed a two dimen-
sional model in which the various layers of the breast (subcutaneous, gland and fat),
were modelled using layers of various thickness close to the actual shape. Later, a
three dimensional breast model with an embedded tumour was used to examine
numerically the effectiveness of subtraction thermography during breast thermal
recovery after cold stress [77]. The cooling of the breast was not considered,
although a lumped thermal analysis was used to estimate the extent to which the
cold layer, induced by an instantaneous change in the ambient temperature, pene-
trated the breast and to develop an approximate model for vasoconstriction. During
thermal recovery, a time-dependent model for blood perfusion was used for the
three quadrants of the breast affected by vasoconstriction whilst the tumour of
diameter 32 mm, was located at the upper quadrant of the breast that was assumed
unaffected by cold stress. The model was numerically solved using FASTFLO
calculator, which solves partial differential equations dedicated for CFD (compu-
tational fluid dynamics). The temperature’s map observed after 60 min of recovery
from cold stress was almost the same as the steady state temperature distribution.
Unlike the observation of Usuki et al. [31] that subtraction thermography may
enhance thermal contrast, subtraction of thermal profiles obtained for 1, 3 and
5 min during thermal recovery did not yield any improvement in the thermal
contrast or give information not available using the steady state thermogram.

Numerical simulation of dynamic thermography using a three-dimensional
model based on a hemisphere with and without a tumour could pose problems in
terms of computer processing times and memory storage due to the large number of
thermograms that would need to be captured and processed during the phase of
thermal recovery. In addition, the use of such models for comparing the effec-
tiveness of different cooling methods is rather impractical. An alternative breast
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model geometry has been suggested by Amri et al. [47]. Based on the model of Ng
and Sudharsan [51], the breast model shown in Fig. 3 consists of a 5 mm thick fat
and gland which thickness H of at least 45 mm. The embedded tumour was
assumed to be spherical and of diameter D and metabolic heat Qm. The use of such
a model for steady state thermography has shown consistency with the results
obtained using hemispherical models. The breast model of Fig. 3 was recently used
by Amri et al. [78] to examine numerically the dynamic breast thermography after
cold stress using the Transmission Line Matrix (TLM) method [79].

The numerical procedure starts by solving Pennes bioheat equation (7.1) at
steady state, subject to the following conditions:

�k
@T
@z

¼ h0 Tf � Tð Þ at z ¼ 0 and T ¼ Tc at z ¼ H ð7:8Þ

�k
@T
@x

¼ 0 at x ¼ 0 and � k
@T
@x

¼ 0 at x ¼ L ð7:9Þ

�k
@T
@y

¼ 0 at y ¼ 0 and � k
@T
@y

¼ 0 at y ¼ L ð7:10Þ

Perfect thermal contact is assumed between the breast tissue and the tumour.

Tb x; y; zð Þ ¼ Tt x; y; zð Þ
@Tb
@n ¼ @Tt

@n

�
ð7:11Þ

Subscribes b and t denote breast and tumour respectively. The change in the
temperature of the surface, associated with the presence of a tumour, is evaluated

Fig. 3 A three-dimensional
breast model geometry [78]
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using a parameter known as the steady state thermal contrast, Css. This is defined as
the difference between the maximum temperature reached in the presence of a
tumour and the temperature at the surface of the normal breast.

Css ¼ max Ttumourð Þ � Thealthy ð7:12Þ

Tumour diameters of 10, 20 and 30 mm at depths of dp = 5, 7.5, 10, 15, 20 and
30 mm were considered. The depth is defined as the distance between the breast
surface and the top of the tumour. The steady state thermal contrast Css illustrated in
Fig. 4 shows that, irrespective of tumour diameter, steady state thermography is
best suited to detect tumours at depths less than 20 mm. An infrared camera with a
thermal resolution of 0.1 °C can be used, though higher resolution is desirable.
Beyond this depth, it is difficult to distinguish the tumour diameter and depth as
they lead to almost identical steady state thermal contrast Css. Thus, if the thermal
contrast is small, this may indicate a deep tumour but does not give information
about the tumour’s diameter.

With the tissue initially in a state of thermal equilibrium, a cold stress temper-
ature Tcold was applied on the surfaces of both the normal (healthy) breast and the
cancerous breast during a cooling period tcool. Pennes equation was then solved
using a constant boundary condition:

T ¼ Tcold for 0\t� tcool ð7:13Þ

To estimate how far into the breast tissue the effect of surface chilling penetrates,
it is helpful to define the thermal penetration depth dp. The temperature of the tissue
when the penetration depth has been reached should satisfy [24]:

@Tðz; tÞ
@z

¼ 0 at z ¼ dpðtÞ ð7:14Þ

Fig. 4 Thermal contrast
plotted against tumour
diameter and depth at steady
state
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Tðz; tÞ ¼ Ti at z ¼ dpðtÞ ð7:15Þ

where Ti is the initial temperature. Although some clinical studies that have been
reported in earlier sections used fan cooling of the breast, it has been criticised for
producing nonuniform cooling and for being difficult to control. Therefore localised
cooling seems to be an ideal choice as long as cooling is applied for short periods of
time to avoid patient’s shivering.

In order to study the effect of cold stress temperature Tcold and the cooling period
tcool on the thermal transients, cold temperatures of 5, 10 and 15 °C and cooling
periods of 10, 20, 30, 60 and 120 s have been examined. Figure 5 represents the
variation of the penetration depth versus the cooling time. The horizontal line
represents the rear boundary of the fat layer. Equations (7.14) and (7.15) predict
that a minimum cooling period of 20 s is required for the cold front to reach the
gland region where a tumour is likely to be. When cooling for a maximum of 2 min,
the thermal cold front penetrates about 14 mm into the breast, so that tumours
located deeper in the breast are uncooled.

After the cold stress was removed, the surface temperatures on both breasts were
recorded throughout the rewarming period of 60 min; this is consistent with [23]
that skin temperature at the forearm needs 30–60 min to return to steady state after
the end of chilling. During thermal recovery, both normal and cancerous breasts
exchange with adiabatic ambient via radiation and convection. To evaluate the
efficiency of the cold stress on the enhancement of temperature differences between
the breasts, the transient thermal contrast is again defined by:

Cmax tð Þ ¼ max Ttumour tð Þ½ � � Thealthy tð Þ ð7:16Þ

To enable tracking of the maximum temperature, the steady state thermogram
may help since the location of the maximum temperature can be identified. It might
then be helpful to mark the hot spot location on the cancerous breast and on the

Fig. 5 Influence of cooling
period on the thermal
penetration depth. The
horizontal line indicates the
edge of the fat layer
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corresponding contralateral symmetrical part of the normal breast. There is then no
need to monitor the dynamic change in the surface temperature of the whole of the
suspicious breast so storage of enormous amounts of data can be avoided.

The diagnostic value of cold stress was assessed by comparing the transient and
steady state thermal contrasts and by extracting information about the tumour’s size
and depth. The effects of the temperature and the duration of the chilling process on
the transients were examined for different tumours at different depths and of dif-
ferent diameters.

Figure 6 illustrates a typical transient thermal contrast during the rewarming
transient. Since the objective of dynamic thermography is to enhance thermal
contrast, it is useful to use the steady state thermal contrast as a reference. This is
identified by the dash dotted line in Fig. 6. Initially, the contrast rises to the steady
state thermal contrast Css, then increases further as time continues to reach a
contrast peak, Cpeak, at a peak time speak. After this time, the thermal contrast
decreases and thermal equilibrium is reached by the end of the monitored period.

To evaluate how useful dynamic thermography after cold stress can be, the
magnitude of the contrast peak and its corresponding peak time, have been derived
from thermal contrasts transients. This has been done for tumours having a range of
diameters and being located at a range of depth. The data obtained are presented in
Fig. 7.

Figure 7a shows similar trends as steady state thermal contrast shown in Fig. 4.
It seems that the magnitude of the contrast peak is determined by the penetration
depth of figure (Fig. 5). Higher contrast peak values have been obtained for tumours
which have been affected by cooling located at depth less than 15 mm. Dynamic
thermography was unable to enhance thermal contrast for tumours at depth 20 mm
or more. It has also found that the use of lower temperatures does increase the
transient peak for tumours located near the surface. This suggests that, chilling
temperatures marginally less than ambient temperature are all that is necessary and
chill duration needs to be no longer than 1 min. Such a protocol should not prove
particularly uncomfortable or inconvenient to patients.

Fig. 6 Schematic of the
variation of the maximum
contrast as thermal recovery
occurs after the end of cold
stress. The dashdot horizontal
line represents the steady state
thermal contrast, and the filled
circle corresponds to the
contrast peak
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The measure of the corresponding peak time values shown in Fig. 7b would be
critically dependent on the responsivity associated with the infrared camera in order
to locate the contrast peak. This is particularly important for tumours located
20 mm deep and more. Nevertheless, the peak time seems to be directly related to
the tumour’s depth and independent of the tumour’s diameters. It was also found
that the peak time does not vary significantly with the magnitude of the cooling
temperature or the period of cooling. This would make details of the measurement
protocols in the clinical environment less important. In the light of the continuing
progress in the infrared imaging technology and the development of software that
include motion as well as noise compensation tools, measurements of the peak time
may become more feasible in the near future.

Fig. 7 Effect of tumour size
and depth on a the contrast
peak and b the corresponding
peak time after cooling at
Tcold = 5 °C during
tcool = 1 min
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8 Conclusion

Dynamic thermography techniques have been utilised in a variety of diagnostic
applications including breast cancer. Clinical experiments have observed enhanced
thermal contrast after artificially cooling the breast and have demonstrated the
ability of increasing the accuracy of breast cancer diagnosis. Various computer
techniques have been deployed to process sequential thermograms during thermal
recovery of the breast including subtraction thermography and l-thermography.
These techniques have been applied to small-sample breast cancer studies and have
revealed information pertaining to the change in thermal parameters of the breast
associated with the presence of a tumour. The complexity of the thermal findings
has caused major difficulties for the clinical interpretation of thermal parametric
images. Some research studies investigated the change in blood perfusion caused by
the presence of a tumour. These studies employed localised cooling on the area that
shows hot spot on steady state thermograms and its contralateral part. Although
results were promising, the rate of false positive was a major constraint to this
technique and might relate to protocol and instrumentation issues. Other clinical
studies used the autonomic cold challenge by cooling patient’s extremities in order
to identify new tumour’s blood vessels known as neoangiogenesis but research
findings did not correlate with the presence of the tumour.

In an attempt to understand skin’s temperature transient after cold stress, a
mathematical model for a homogenous one-dimensional skin slab was developed.
The analytical solution showed that a two-exponential temperature transient model
is a good fit for the thermal recovery of the skin after direct chilling and that the
corresponding time constants are related to the thermal properties of the tissue as
well as to its blood perfusion. When modelling skin with an embedded heat source
representing a tumour, a numerical study showed that it is possible to extract a
tumour’s blood perfusion from temperature transients after cooling the skin by
convection. However, it was not possible to extract the tumour’s parameters such as
metabolic heat, size and location during thermal recovery and that even the use of
inverse numerical models would fail, due to the complexity of the problem.
However, a more recent simulation study of dynamic breast thermography after
cooling the breasts at a constant temperature for a period of time of two minutes or
less, showed an enhancement in the contrast peak for tumours at depth 20 mm or
less. Furthermore, it was found that the time corresponding to the contrast peak,
referred to as the peak time, was directly related to the tumour’s depth and inde-
pendent of the tumour diameter. It was also shown that the peak time does not
correlate with the cold stress temperature or the duration of the cooling phase which
give it the potential to be an indicator of tumour depth. Although it might be
interesting to obtain information about the tumour’s diameter, depth is the more
important parameter in breast tumours diagnosis as the tumour’s diameter can be
estimated by palpation during physical examination.

Until now, different techniques have been applied to cool the breast and to
process the thermal recovery. Overall, each processing technique of breast thermal
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recovery has contribute unique information about the presence of an abnormality in
the breast such as a change in blood perfusion, an alteration in the breast thermal
parameters or by estimating its depth. Therefore, in the light of the continuing
progress in infrared imaging instrumentation, dynamic breast thermography justifies
thorough research interest in order to conclude about its usefulness in breast cancer
diagnosis.
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